Chinese domestic chickens have been routinely subjected to artificial selection for the production of meats and eggs. Selection results in distinctive signatures in the genome that can reveal the genes underlying phenotypes of interest to breeders. In this study, we used the Chicken60K SNP chip to analyze DNA from Dwarf Brown-egg Layers (DB, n = 203) and Silky Fowls (SF, n = 181) and then examined the relative extended haplotype homozygosity (REHH) and fixation index (F ST ) to detect selection signatures. Since population structure analysis showed that SF was stratified into 2 subpopulations (SF1 and SF2), we removed the 20 SF1 chickens, and the remaining individuals (DB and SF2) were scanned for genome-wide selection signatures. A total of 939 selection signatures, including 446 candidate genes, were found to be potential selection targets using the F ST test. REHH analysis identified 93 and 128 core regions, including 112 and 181 genes, in DB and SF2, respectively. Among the candidate genes, domestication-related genes such as NELL1 were found. After comparing the candidate genes with the Animal QTL database, we identified additional genes possibly associated with growth, reproduction, egg laying, and immune response, including GRHL3, CDK1, AKT1, and KMD3A. Functional enrichment analysis suggests that genes associated with muscle development have undergone positive selection. Our findings provide a genome-wide selection signature draft for DB and SF, and establish a resource that can be exploited in chicken breeding programs to manipulate the genes that underlie desired phenotypes.
INTRODUCTION
The domestic chicken is a predominant animal model for genetic studies of phenotypic and genomic evolution. The domestic chicken population, with a large effective population size, has experienced strong, human-driven selection to create specialized commercial lines . Charles Darwin suggested that the domestic chicken originated from a single species, Red Junglefowl (Gallus gallus), in Southeast Asia nearly 10,000 years ago (Darwin, 1868; Gholami et al., 2014) . The first known records on chicken breeding date from the Roman era (Liu et al., 2006) . Domesticated chickens have long been bred for entertainment and cultural reasons (Burt, 2005; Komiyama et al., 2014) , but beginning in the 20 th century, strong selection began for production traits, specifically egg and meat production (Smith and Haigh, 1974) . Domestication has caused notable changes in the behavior and morphology of farm animal species (de Simoni et al., 2014) , and strong selection may accelerate these changes. Selection is also expected to have a direct effect on nucleotide diversity. According to the neutral genetic hypothesis, allelic changes in neutral loci and their neighboring markers are primarily caused by genetic drift. However, if the loci or markers are closely linked to a selected gene, they may exhibit changes in allele frequencies. These localized changes, characterized by reduced genetic diversity, are known as a "selection signature" or "selective sweep". A selection signature may be revealed by decreased DNA fragment polymorphism or an increase in linkage disequilibrium (LD). It is particularly efficient to analyze the correlative phenotypic traits in a breed by searching for genome-wide selection signatures Yang et al., 2014) . Because specialized commercial lines and comprehensive genomic data resources are available for chickens, they have become a popular model 4158 for studying selective signatures under artificial selection (Yang et al., 2014) .
A variety of methods have been applied to detect selection signatures from whole-genome single nucleotide polymorphism (SNP) data, such as extended haplotype homozygosity (EHH) (Sabeti et al., 2002 ), Tajima's D (Tajima, 1989) , Fay and Wu's H-test (Fay and Wu, 2000) , the fixation index (F ST ) (Akey et al., 2002) , the integrated Haplotype Score (iHS) (Voight et al., 2006) , and cross-population extended haplotype homozygosity (XP-EHH) (Sabeti et al., 2002) . Studies indicate that a neutral mutation requires many generations until it is fixed or lost, and then closely linked conserved haplotypes with higher LDs emerge through recombination generation by generation (Nielsen, 2005; Sabeti et al., 2006) . Based on the selective sweep model mentioned above, Sabeti et al., (2002) proposed the EHH and relatively EHH (REHH) methods for detecting recent selection signatures. It is straightforward to apply the EHH test in a single population to detect artificial selection signatures, using haplotypes identified by LD (Zhang et al., 2012) . However, another method has been used identify selection signatures based on the differences in allele frequencies between populations. Wright's fixation index (F ST ) was initially developed by Lewontin and Krakauer (1973) to scan selection signatures. Because negative selection usually decreases F ST , and local positive selection causes it to increase (Barreiro et al., 2008) , genomic regions under different selection or selection pressure eventually develop obvious genetic differences. Genomic regions with high levels of genetic differentiation can be identified by comparing F ST values between distinct populations (Lewontin and Krakauer, 1973; Bowcock et al., 1991; Vitalis et al., 2001) .
Here, we used the Illumina Chicken60K SNP Genotyping Bead Chip array to analyze genomes from Dwarf Brown-egg Layers and Silky Fowls, and then identified selective signatures using the REHH and F ST tests. The results provide preliminary insights into the genetic events underlying selection in these 2 breeds.
MATERIALS AND METHODS

Ethics Statement
All experiments involving sample collection strictly followed protocols approved by the Animal Welfare Committee of China Agricultural University (Approval Number: XK257).
Populations
Two chicken breeds were used in this study. The first is a line of Dwarf Brown-egg Layers, which has been maintained and selected mainly for commercial egg production for more than 10 years at the Poultry Genetic Resource and Breeding Experimental Unit of China Agricultural University (CAU) (Zhang et al., 2005) . Dwarf Layers were developed at CAU by 4 repeated backcrosses of the meat-type dwarf ISA-Vedette to female CAU brown egg layers, and propagated widely as an efficient egg-laying breed (Yang et al., 1996) . The second breed is Silky Fowl (known also as the Chinese Taihe chicken), which originated in the Taihe county of Jiangxi province (China) (Li et al., 2003) . Silky Fowl is a natural breed that has not undergone strong selection in China. It has several distinct characteristics, including fluffy head feathers, rose comb, blue earlobes, silky feathers, black skin, hair-like leg feathers, and 5 toes . For this study, 203 female Dwarf Brown-egg Layers (DB) from 10 sire families and 181 female Silky Fowls (SF) from 17 sire families were chosen randomly from flocks at the China Agricultural University Experiment Station and genotyped with the Illumina Chicken60K SNP Genotyping BeadChip array (384 chickens total).
Genotypes and Data Preparation
Genomic DNA was isolated from blood samples using a standard phenol-chloroform method. Samples were verified for quality and then genotyped using the 60 K SNP Illumina iSelect chicken array (Illumina, San Diego, CA). The array contains 57,636 SNPs (Groenen et al., 2011), sampling 29 autosomes with an average distance of 17.72 Kb between neighboring SNPs. Genotyping data were analyzed using the application PLINK (Purcell et al., 2007) . In order to reconcile SNP coordinates to the reference genome (Gallus gallus 86, 2016), we updated the map file using PLINK 1.9 (beta version). In total, 1,144 SNPs without chromosome assignments, 2,329 SNPs mapping to sex chromosomes, and 102 SNPs on the E22 and E64 linkage groups were removed. Quality control procedures were also conducted with PLINK 1.9 beta as follows:
(1) individuals with average SNP call rate < 95% were excluded; (2) SNPs with call rate < 99%, minor allele frequency (MAF) < 0.05, and those deviating from Hardy-Weinberg equilibrium (HWE test; P-value<1e-6) were removed. Missing genotypes were imputed to rebuild haplotypes for each chromosome, using the default parameters in Beagle V.4.0 (Browning and Browning, 2007) .
Population Structure and Phylogenetic Analysis
Multidimensional scaling analysis (MDS) (Tzeng et al., 2008) and principal components analysis (PCA) (Price et al., 2006) were performed with PLINK to analyze the differentiation between DB and SF, and the results were visualized using R (Team, 2014) . A Neighbor-joining (NJ) tree was constructed with an identity by state distance matrix using the phylogeny program MEGA v7.0 (Kumar et al., 2016) and then displayed by FigTree (Rambaut, 2016) . The genetic structure of the 2 chicken populations was analyzed with a model-based clustering algorithm implemented using (Pritchard et al., 2000) to assign individuals to clusters. The 10,921 filtered SNPs that had been subjected to LD pruning were used in the genetic structure analysis. The STRUCTURE application was run for 50 iterations using the admixture model with 10,000 burn-in, followed by 10,000 Markov chain Monte Carlo (MCMC) replicates for varying numbers of inferred ancestors, K = 2 to K = 3.
Effective Population Size
Linkage disequilibrium (LD), based on r 2 , can be used to calculate the effective population size. We performed bias correction to calculations performed using the original LD method (Hill, 1981; Waples, 2006) for estimating the effective population size. N E ESTIMATOR (v.2) (Do et al., 2014) was employed to estimate the effective population size by using the random mating model for linkage disequilibrium.
Identification of Selection Signatures Across the Whole Genome
The F ST test and the REHH test were performed to detect selection signatures in the Dwarf Brown-egg Layers and Silky Fowl populations. F ST measures the genetic differentiation between populations (Wright, 1949; Wright, 1950) . The F ST was first calculated for each SNP between DB and SF using VCFTools (Danecek et al., 2011) . Then, F ST means were calculated in 100 kb sliding windows with 10 kb steps. Windows with F ST values in the top 1% were considered to contain selective signatures. For the REHH test, core regions in the genome were first identified using the application Sweep v1.1 (Sabeti et al., 2002) with default options, then EHH values for core haplotypes in each region were calculated. The haplotype cores, characterized by SNPs with strong LD, were required to contain least 3 and no more than 20 SNPs . Because the recombination rate ranges from 2.8 to 6.4 cM/Mb among chicken chromosomes (Hillier et al., 2004) , a physical distance of 300 kb is appropriate to estimate the REHH value for each core region and evaluate how LD decays across the genome. The EHH is calculated as follows (Sabeti et al., 2005) :
, where t is the core haplotype tested, c is the number of samples of a particular core haplotype, e is the number of samples for a particular extended haplotype, and s is the number of unique extended haplotypes. The REHH is the factor by which EHH decays on the tested core haplotype compared to the decay of EHH on all other core haplotypes combined. The EHH is defined as the decay of EHH on all other core haplotypes combined (Sabeti et al., 2005; Qanbari et al., 2010) . EHH is calculated as follows: 
where n is the number of different core haplotypes. The REHH test corrects EHH for local variation in recombination rates, as represented by the expression:
Significant core haplotypes were identified after filtering for haplotype frequency >25%, REHH values greater than 1, and a REHH test P-value <0.05 or <0.01 (Sabeti et al., 2002) . Core haplotype frequencies were discretized into 20 equal-frequency bins to calculate the significance of the REHH values.
Genome Annotation
Genes located in selection signatures identified by the F ST test, and core regions identified by the REHH test, were annotated using the online Biomart tool in the Ensembl database (Kersey et al., 2014) . The selective sweeps were compared to the Animal QTL Database (Hu et al., 2013) to identify candidate genes affecting interesting phenotypic or economic traits.
Enrichment Analysis
Genes associated with selective sweeps were used to identify their respective human orthologs. A gene ontology (GO) analysis was then performed with the online tool DAVID (Huang et al., 2009a; Huang et al., 2009b) , using default parameter settings. GO terms and pathways with Bonferroni P-values less than 0.05 were considered significant.
RESULTS
Descriptive Statistics for Markers
A total of 57,636 markers were genotyped using the 60 K SNP Illumina iSelect chicken array. After data quality checks were completed, 377 individuals and 46,484 markers were available for analysis. An overview of the distribution of SNPs across the genome is shown in Table 1 and Table 2 . The number of SNPs for each chromosome ranged from 30 to 7,621, with an average neighbor marker distance of 15.8 kb.
Population Structure and Phylogenetic Analysis Between and Within Populations
We performed PCA and MDS with the 46,484 SNPs to retrieve the population structure of DB and SF, as described in Methods. PCA shows the relationship between the first 2 principal components, which resolves the data set into their respective breed groups (Figure 1a) . Unexpectedly, the Silky Fowl group divides into 2 subpopulations (named SF1 and SF2). MDS yields similar results (Figure 1b) . To evaluate the phylogenetic relationships between individuals, a neighborjoining tree was constructed in terms of genome-wide allele sharing (Figure 2 ). DB and SF obviously cluster into separate clades. But a small subset of SF (SF1, about 20 chickens) group as a clade that is distinct from the major SF clade.
We also conducted a STRUCTURE analysis to assign individuals to clusters. The admixture plot of all 377 individuals reveals the admixture patterns of these breeds, ranging from K = 2 to 3 (Figure 3 ). At K = 2, the admixture plot reveals 2 distinct population patterns, while at K = 3, the 2 chicken breeds group into 3 different clusters. At this value of K, SF exhibits 2 different patterns (SF1 and SF2), and DB is clearly separate from SF1 and SF2.
Effective population size (Ne) was estimated using whole-genome SNPs dataset based on the linkage disequilibrium method, and Ne means were calculated for DB and SF2. The effective population sizes for DB and SF2 are 36.8 and 40.1, respectively.
Selection Signatures Between Populations Based on F ST Test
F ST values, calculated pair-wise between populations (DB vs. SF1, 0.2516; DB vs. SF2, 0.4518; SF1 vs. SF2, 0.4655), indicate that the genetic differentiation within SF is higher than that between DB and SF. Ordinarily, F ST values within a breed are expected to be lower than between breeds (Gholami et al., 2014) . According to the results of phylogenetic and genetic differentiation analysis, we deduced that the SF1 clade is more closely related to DB. Because the population size of SF1 is relatively small (20 chickens), this clade was excluded from further analysis. The distribution of F ST values on each chromosome between DB and SF2 is shown in Figure 4 . After selecting the highest (top 1%) F ST values, we obtained 939 selective signatures.
Selection Signatures Within Populations Based on REHH Test
A total of 10,003 (21.52%, DB) and 12,575 (27.05%, SF2) SNPs comprise the core regions subjected to the REHH test. Descriptive summaries of the SNPs and core regions for DB and SF2 are listed in Table 1 and  Table 2 , respectively. In all, 2,719 core regions spanning 161.85 Mb were detected in DB, and 3,290 core regions spanning 206.33 Mb were detected in SF2. Mean core region lengths were 59.52 kb and 62.71 kb, with a maximum of 1,584.51 kb (Chr7) and 1,183.08 kb (Chr5) in DB and SF2. Figure 5a shows the frequency of core regions as a function of the number of SNPs they contain, and Figure 5b shows the frequency of cores as a function of core length. The majority of core regions contain 3 to 5 SNPs and are 20 to 80 kb in length.
To identify core haplotypes, EHH was evaluated 300 kb upstream and 300 kb downstream from each core region. A total of 13,324 and 16,182 EHH tests were run in the 2,719 and 3,290 core regions of DB and SF2, respectively, an average of 4.90 and 4.92 tests per core region. After excluding core haplotypes with frequencies below 25%, 7,881 (DB) and 9,528 (SF2) cores were retained for subsequent analysis. The Manhattan plots in Figure 6 show how these cores are distributed across the genome, along with their -log 10 (P-values), obtained by REHH analysis. The DB selection signatures were mainly distributed on chromosomes 6, 7 and 8, while signatures for SF2 were distributed primarily on chromosomes 5, 6, 7 and 8. In total, 410 and 497 core haplotypes in DB and SF2 were significant at P < 0.05, and 93 and 128 core haplotypes were significant at P < 0.01. Table 3 summarizes the total and significant core haplotypes for each chromosome in both breeds. The distribution of Tukey's outliers in the core haplotypes was determined using P-value thresholds of 0.01 and Finally, we compared the selective signatures obtained using the F ST and REHH methods; 17 overlapping selection signature regions were identified and are listed in Table 4 .
Genome Annotation Within Selection Signatures
Selection signatures obtained using the F ST and REHH tests were examined to identify overlaps with published QTLs (Hu et al., 2013) . Most QTLs overlapped by selection signatures are related to production traits, such as growth, reproduction, and egg weight. QTLs related to important production traits are listed in Table 5 . In addition, several regions overlapped health-associated QTLs (data not shown).
Selection signatures obtained from the F ST test were annotated using the Ensemble gene database. In all, 446 functional genes were found within these signatures, and Figure 8a shows their genomic distribution. Half are located on macrochromosomes. Core regions identified using REHH (with P-values < 0.01) were also annotated using Ensemble, yielding 112 and 181 genes in DB and SF2 (Figure 8b) , with the majority located on chromosomes 1, 2, 3, and 4. In addition, 94 genes were detected by both the F ST and REHH approaches (Table 4) .
Functional Enrichment Analysis
We first combined genes detected by the F ST test with genes identified by the REHH test, keeping DB and SF2 separate. The 2 gene sets were designated F ST -DB and F ST -SF2. Using the online DAVID functional analysis resource (Huang et al., 2009a; Huang et al., 2009b) , the genes were compared to the GO and Kyoto encyclopedia of genes and genomes (KEGG) biochemical pathways databases. The F ST -DB and F ST -SF2 genes were significantly (P < 0.05) enriched for 63 GO terms and 88 GO terms, respectively. The predominant terms associated with the F ST -DB genes included "cell morphogenesis involved in differentiation" (GO:0000904), "protein localization" (GO:0,008104), and "proteolysis involved in cellular protein catabolic process" (GO:00,51603). GO terms including "positive regulation of cellular biosynthetic process" (GO:00,31328), "blood circulation" (GO:0,008015), "muscle organ and tissue development" (GO:0,007517 and GO:00,60537), and "melanogenesis" (hsa04916) were highly enriched in SF2. 
DISCUSSION
Domestic chickens were derived from the Red Junglefowl approximately 10,000 years ago (Darwin, 1868; Gholami et al., 2014) and have been bred for various purposes for thousands of years (Rubin et al., 2010) . The domestic chicken is now an important and classic animal model (Antao et al., 2008; Tako et al., 2010) . Selective signatures can be used to reveal the genomic trails left by artificial and natural selection (Zhang et al., 2012) . In our study, F ST and REHH tests were applied to identify the selective signatures in Dwarf Brown-egg Layers (DB) and Silky Fowls (SF).
The Illumina iSelect chicken 60 K SNP chip was employed to analyze the population structure between DB and SF. In PCA, MDS, NJ tree, and STRUCTURE analyses, DB chickens cluster together, while SF chickens define 2 separate clades (SF1 and SF2). The fixation index, estimated between pair-wise populations, indicates that SF1 has a closer relationship to DB. It is possible that SF1 might be a line that was produced by crossing the DB and SF breeds. Also, the SF1 population only contains 20 samples. Given these considerations, the SF1 clade was excluded from further analysis.
Selection signals were detected using the F ST and REHH methods with DB (n = 201) and SF2 (n = 156). 1  1097  1550  26  39  4  12  2  1057  1330  13  29  2  11  3  614  938  14  30  3  11  4  588  1016  15  91  1  27  5  632  589  18  33  2  7  6  460  387  32  25  9  9  7  527  416  45  34  9  11  8  416  350  36  12  12  3  9  184  197  4  3  1  0  10  170  318  10  19  2  2  11  215  227  19 The F ST test is based on population differentiation and compares the variation of allele frequencies within and between populations. The signals of selection are defined as the locus that shows the largest differences in allele frequencies between populations (Chen et al., 2016) . Although the DB and SF2 sample sizes are not equal, the effect of sample size can be corrected with Beta (n A +1/2, n a +1/2) (Gianola et al., 2010) . Whole genome-wide SNP data can not only be applied to measure genetic differentiation, but also to detect signatures of selection when empirical F ST outlier methods are used (Luikart et al., 2003) . Generally, it is believed that a larger sample size (n > 20) is required to yield reliable estimates of differentiation (Kalinowski, 2005; Holsinger and Weir, 2009; Morin et al., 2009) . However, REHH detection is based on LD, which assumes that long-range haplotypes persist for relatively short periods of time (Sabeti et al., 2006) . REHH can also maintain statistical power even with a small sample size (Pickrell et al., 2009; Cadzow et al., 2014; Ma et al., 2015) . The F ST test is therefore more suitable than REHH for detecting ancient positive selections. In contrast, REHH is designed to detect recent selective signals and has more power to detect incomplete sweeps (Sabeti et al., 2007) . Because their advantages are complementary, a combination of the 2 methods can be used effectively to detect selective signatures arising during different phases of chicken domestication and breeding. Analysis of the selection signatures reveals 939 selective regions (those with the highest 1% of F ST values), and 93 (DB) and 128 (SF2) significant core regions. These selective signals were aligned with the chicken QTL database. Positively selected regions in DB and SF2 are associated with important economic traits, such as body weight, egg weight, egg production, growth, feed conversion ratio, and immunity. In all, 343 overlaps occur between published QTLs and common selective regions (data not shown). Of the 51 QTLs related to important production traits, 31 are 2004) and PLCB4 participates in energy metabolism (Jin et al., 2017) . PAK7 and PLCB4 are both evolutionarily conserved (Rubin et al., 2010; Stainton et al., 2017) . CD8 antigen (CD8A) exhibits zero diversity in broilers (Stainton et al., 2017) , but is a differential gene between DB and SF2 in our study. This may explain the notable difference in immunity between the Silky Fowl and Dwarf Brown-egg breeds. AKT serine/threonine kinase 1 (AKT1) is involved in the PI3K/Akt pathway, which mediates the ability of insulin growth factor I (IGF-I) to promote the survival of otic neural progenitors (Aburto et al., 2012) . The PI3K-AKT pathway also participates in the early infection phase of some exogenous avian leucosis viruses (Feng et al., 2011) . Positive selection on these genes in the DB and SF breeds was expected because domestication not only accelerated phenotypic variation but also retained vital conserved genomic regions (Frantz et al., 2015) .
Although the majority of genes detected in our study are assumed to be under strong selection, they do not overlap with genes identified in former studies. Among these, grainyhead-like 3 (GRHL3), which is on chromosome 23, is a key gene for regulating growth and development of the craniofacial skeleton (Kundu et al., 2002; Dworkin et al., 2014) . Cryptochrome circadian clock 2 (CY2) regulates the circadian clock in chickens (Nagy et al., 2009 ). Cyclin dependent kinase 1 (CDK1), also known as CDC2, functions as a major determinant of the eukaryotic cell cycle, which is potentially associated with egg laying (Krek and Nigg, 1989; Nakai and Ishikawa, 2001) . Genes such as KDM3A, SEC24B and CHMP6, are related to immunity in chickens (Caldwell et al., 2005) .
Many genes revealed by functional enrichment analysis are associated specifically with either the DB or SF breed. Enriched terms associated with the DBassociated genes include "mitotic cell cycle," "protein localization," "skeletal muscle fiber development," and "striated muscle tissue development". In contrast, for SF2-associated genes, the terms "muscle organ development," "muscle tissue development," "nitrogen compound biosynthetic process," and "blood circulation" are enriched. These terms suggest that chicken domestication targeted muscle development. One important KEGG pathway, "melanogenesis," was associated with SF2, and may be related to the unique color phenotype of this breed.
In conclusion, we utilized 2 different methods, F ST and REHH, to detect selection signatures across the genome for Dwarf Brown-egg Layers and Silky Fowl chickens. Using the REHH test, 93 and 128 core regions were detected in DB and SF2 chickens. Analysis of the genetic differentiation between the DB and SF2 breeds revealed 931 selective regions. Genes in these regions are related to economically important traits and may have been targets for strong selection during domestication. Our study reveals genome-wide selection signatures in the chicken and provides a preliminary view into the genetic details underlying artificial selection in the breeding process.
